Abstract: A tunable high-sensitivity gold-film covered photonic crystal fiber refractive index biosensor based on surface plasmon resonance is proposed. The finite element method is used to analyze and discuss the sensing performance of the biosensor to the analyte. The radio interference (RI) of the analyte is detected by flowing it though the outer fiber surface. The phase matching condition is satisfied between the fundamental mode and the surface plasmon polariton modes, whose resonance coupling can be achieved. The complete coupling and incomplete coupling are excited as the analyte RI increases, and the resonance strength of the complete coupling is stronger than that of the incomplete coupling. It can be proved by calculation that the resonance coupling for the fundamental mode and the fifth-, sixth-, or seventh-order SPP mode has been obtained at different wavelengths. However, the biosensor has obtained four ranges including the analyte RI from 1.33 to 1.38, 1.405 to 1.425, 1.425 to 1.445, and 1.405 to 1.445, respectively. Their average sensitivities are 1971, 8220, 15180, and 5140 nm/RIU, and the linearities are 0.82982, 0.99771, 0.98104, and 0.99837, respectively. In short, the superior performance of tunable, wide-range, and high sensitivity is obtained, which shows a bright application prospect in the field of biodetection technology.
Introduction
Optical fiber sensors, which use optical signals as information carriers to detect the external environment, have attracted the interest of researchers. According to different working principles, it can be divided into interferometric fiber optic sensor, fiber Bragg grating sensor and fiber surface plasmon resonance sensor.They have the advantages of small size, light weight, high sensitivity and corrosion resistance, and are widely used in the field of blood plasma [1] , salinity [2] , [3] , temperature [4] , food, and cosmetics [5] , alcohol [6] , [7] . Biosensor based on PCF is well-known as an instrument for detecting the analyte RI [8] . They have very important applications in the fields of the environmental science, health survey, disease diagnosis, biomedical engineering, and chemical pharmaceutical. Biological monitoring devices have been investigated based on a wide range of technologies including electrochemical conduction, fluorescence transmission, electrochemistry, optical resonant micro-cavity, optical rotator, using a variety of nanotubes or nanowires, and microstructured fiber sensors [9] . In recent years, micro-structured fiber (MOF) biosensor have been widely explored as the tiny portable, integrated, high sensitivity, high detection resolution, stability, bio-compatible, remote operational performance under extreme conditions, and strongly resistant to electromagnetic interference [10] . A variety of techniques have been reported for making fiber optics biosensor such as sagnac-interferometer, long range microstructured fiber grating, engraved oblique Bragg fiber grating, Fabry-Perot interference principle in optical fiber, Mach-Zehnder interferometers, and SPR [11] . Most of these biosensor are based on detecting the refractive index of biological factor though changing their concentration induced by the molecular interaction at the sensor surface. Therefore, any one method used to make a biosensor whose fundamental goal is to enhance the sensitivity to the biosensor.
SPR is a kind of technique for preparing the sensor that can achieve high sensitivity, which relies on the enhanced field of the fundamental mode. We have obtained the high loss spectral that can enhance the signal strength and RI sensitivity during the detection process, but the metal films covering process is instability and difficult in the fiber configuration. It has increased our interest in developing portable, sturdy, and stable SPR biosensor meeting the extreme conditions of the outside laboratory. Fiber Bragg grating and long period are usually carried out, while these sensors undergo a detect with low sensitivity and complicated technology manufacturing process. Fabry-Perot interferometers (FPIs) and Mach-Zehnder interferometers [12] are able to achieve high sensitivity after post-processing such as tapering and etching. They can damage to the mechanical strength and robustness of the fiber that increases the difficulty of the experiment. Recently, a wide variety of MOF optical sensors and PCF sensors have been proposed, some of which includes the suspended core SPR-MOF biosensor with metal-films covered on the three holes, SPR-PCF biosensor with the enhanced micro-fluidic liquid, and hollow fiber SPR biosensor [13] . Another high sensitivity of refractive index biosensor is based on PCF-SPR, whose sensitivity is up to 11000 nm/RIU [14] . As the high performance of the biosensor has been verified in their research. However, the sensitivity of the designed sensor is not affected by the absence of transmittance and transmission variance. Recently, the surface plasmon refractive index fiber sensors have been reported in the literature [15] - [18] . They prove that the sensor has high sensitivity and low loss in terahertz band, and can be applied to the detection of spectrum chemical, blood components, spectroscopic chemical identification, biological analytes. These literatures consistently prove that surface plasmon resonance photonic crystal fiber sensor has been widely used in biological detection.
To date, the most of reported SPR-PCF biosensor is challenging in terms of manufacturing process due to their complex structure, micron-sized air-holes, and tiny fiber diameters [8] . In this paper, a kind of metal film covered PCF biosensor based on SPR is proposed and it has a practical and sample fiber structure. The sensitivity area of the proposed SPR-PCF biosensor is at outmost layer. The detection of unknown refractive index of biological factor can be simply manipulated by flowing its surface through or dropping onto the outmost layer of metal-film. Because gold has extremely the chemical stability and sensitive resonance characteristics, it is perfect metal material to induce the SPR. Besides, a large metal film is introduced into the outer surface of the PCF to increase the contact area with fiber core, which will result in the effective resonance coupling between the fundamental mode and SPPs mode. The difficulty of this PCF coating technology is strongly reduced during the drawing process as the single-cladding air hole structure. In this simulation, the resonant coupling of two SPP modes and fundamental mode of PCF is sensitively excited when the phase matching conditions are met, respectively. A tunable, four-range, highsensitivity SPR-PCF refractive index biosensor are implemented by optimized fiber structure and coating thickness. Fig. 1(a) shows the cross-section of the proposed SPR-PCF biosensor where the biosensor surrounded by a gold film consists of a single-cladding air hole. These air holes have a hexagonal arrangement and the fiber core is formed by removing one air hole in the center. the analyte RI is detected by dropping it onto the surface of the gold film or by flowing it through the SPR-PCF. The air hole radius in the PCF is 0.5 μm. The outer radius of the PCF is 2.55 μm. The pitch size is = 2.0 μm. This FEM is used in this simulation and the scattering boundary conditions are set at the outermost layer of the PCF. Fig. 1(b) shows the normal division of the finite element mesh. Its area consists of 8176 small interconnected triangular elements. Then the transmission constant of β is solved smoothly by the mode solution software. The PCF structure shows some great advantages compared to the previously reported PCF [8] , which will be easier to be fabricated. They are all single-clad micro-and nano-structured fibers. By reading the Ref. [19] carefully again, this structure and my design are highly similar to that of micro-and nano-structured fibers with single cladding. My structure is fundamentally different from that in the literature, although they all have single-layer porous fiber structures. Firstly, the structure I designed is a single-layer step-index micro-nano structure optical fiber. However, the structure in the literature is a hollow-core optical fiber, and the transmission mechanism is to inhibited coupling. The optical fiber designed has high loss through the resonance coupling between the metal surface plasma mode and the optical fiber mode, and a lower loss band is obtained in the region where the resonance coupling does not occur. However, the structure in the literature utilizes the suppression coupling principle between the core mode and cladding mode to obtain the low loss characteristics of broadband. The basic frame diagram of the practical detection principle with a typical response curve is shown in Fig. 1(c) . As shown in Fig. 1(c) , the experimental block diagram contains light source, single mode fiber (SMF), SPR-PCF sensor, Optical spectrum analyzer (OSA) and computer. The broadband fiber emits a broadband spectrum to a SMF, which is then passed through a single-mode fiber into the spectrum analyzer. The obtained spectrum is detected by a computer. Therefore, we can obtain the sensitivity of the fiber sensor by analyzing the spectra corresponding to different refractive indices. The designed PCF structure is not very complicated in this paper. First, we should prepare a preform that is designed to have a fiber structure, and then draw it through a reasonable control of the drawing tower. The preform is drawn to the set level, and the gold coating process is performed on the prepared optical fiber by vapor deposition. The broadband laser is injected into the biosensor by a single-mode fiber (SMF) and the transmission spectrum is accessed by the spectrometer. Then, we observe the red and blue shift of the loss spectrum by the computer as the refractive index changes. In this work, the gold film covering method is simpler and more effective compared to the coating film in air hole. Fused silica is selected as the base material, whose refractive index can be satisfied Sellmeier equation [20] , which is defined as:
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where λ is the wavelength of free space, and the unit of the wavelength is micron. These fitting constants, B 1 , B 2 , B 3 , C 1 , C 2 , and C 3 , are reported in Ref. [21] . Dozens of nanometer gold film t is covered on the outer surface of the PCF. The vapor deposition coating technology is an important coating technology. As the melting point of gold is lower than that of silica, which ensures the success of the experiment. In our work, the thickness of this gold film is chosen as 40 nm by the numerical calculation. The dielectric constant of gold is defined by the Drude-Lorentz model [22] , which is expressed as:
where, ε gold represents the dielectric constant of gold, ε ∞ represents permittivity at high frequencies, ω is the angular frequency, ω D is the plasmon frequency, γ D is the damping frequency, and ε expresses the weighting factor. The constants of these parameters,
and L have been demonstrated in Ref. [23] , so that we can use it in the calculation process. The operating principle of the PCF biosensor based on SPR is that the regularity of the loss spectrum shifts with the change the analyte RI. The confine loss is the most important parameter for the biosensor. The resonance coupling between the fundamental mode and SPP mode is generated when the phase matching conditions are satisfied in the gold film covered PCF. The SPP mode is excited to cause the energy of the core to be transmitted to the gold surface. The loss spectrum of the core mode shows a peak at the resonance wavelength. The peak loss will undergo a sensitivity red shift or blue shift as the changing of the refractive index of the analyte. Moreover, the confine loss (CL) depends on the imaginary of the refractive index [24] , which as a function of wavelength is expressed as
where λ is the input wavelength, and Im [n eff ] is the imaginary of the refractive index. The energy distributions of the SPP modes and fundamental modes including the 2nd order SPP mode of x-(a) and y-(b) polarization, the 3rd order SPP mode of x-(c) and y-(d) polarization, the 4th order SPP mode of x-(e) and y-(f) polarization, the 5th order SPP mode of x-(g) and y-(h) polarization, the 6th SPP mode of x-(r) and y-(j) polarization, the fundamental mode of x-(k) and y-(m) polarization at the operation wavelength of 1.0 μm are shown in Fig. 2 , and the analyte RI is 1.33. It is particulary obvious that the energy is divided into uniform parts on the surface of the gold film for the SPP modes. We can see that each of the SPP mode and fundamental modes have two polarization directions. Since this PCF structure has complete symmetry, the two polarization modes are completely overlapping and this birefringence of the PCF does not exist. We found that the energy of the fundamental modes are completely limited to the PCF core. The SPR can be generated when the phase matching condition is satisfied to the SPP mode and fundamental mode. Therefore, the SPR can be regulated by optimizing the PCF structure.
Numerical Result and Analysis
Fig . 3(a) shows the refractive index of the SPP mode and fundamental mode dependance on operation wavelength when the analyte RI n a is 1.425. The refractive index curve gradually decreases with the wavelength increase, while is severely influenced at two the ani-crossing points, respectively. As the phase matching is satisfied at operation wavelength of 1.08 and 1.29 μm, the complete coupling of the fundamental mode and the SPP mode is excited. The SPR about the 6th order SPR mode and fundamental mode is at the wavelength of 1.08 μm, while the SPR for the 5th order SPP mode and fundamental mode is at the wavelength of 1.29 μm. The loss spectrum of fundamental mode has two prominent peaks at λ = 1.08 and 1.29 μm, and their values are up to the 72611.2 and 97534.9 dB/m, respectively. This is attributed to the transfer of the energy of fundamental mode to the surface of gold film to form the SPR mode. The SPR effect is consistent with the coupled-mode theory (CMT) [25] , which can be defined as
where, E 1 and E 2 are two coupling mode fields for the SPP mode and the fundamental mode, whose propagation constants are β 1 and β 2 , and the coupling coefficient is κ. If E 1 = A 1 exp(iβz) and E 2 = A 2 exp(iβz), the propagation constant of β for the coupling mode is defined as
where, β ave is (β 1 + β 2 )/2, δ is (β 1 -β 2 )/2, β 1 and β 2 are plural for the fundamental mode and SPP mode. Here, δ also as a plural is be expressed as δ = δ r + iδ i . According to this derivation, the real parts of two coupled mode of propagation constants are equal at the phase matching wavelength. According to the above derivation, the resonance coupling will happen when the real or imaginary part of the transmission constant is equal. Explained as follows that δ 2 + κ 2 = −δ 2 i + κ 2 is derived when δ r = 0. When δ i < κ, the real parts of (β + ) and (β − ) is difficult while imaginary parts is equal. The complete coupling between a fundamental mode and SPP mode is obtained. On the other hand, when δ i > κ, the real parts of (β + ) and (β − ) are identical while the imaginary part is different, and the incomplete coupling of the fundamental mode and SPP mode happens.
The refractive index and loss of the SPP mode and fundamental mode dependance on the operation wavelength λ when the analyte RI is 1.435 is shown in Figure 3(b) . The refractive index decreases as the wavelength increases, which is disturbed at the anti-crossing point and crossing point. It can be seen that there is not real crossing point at operation wavelength of 1.13 μm for the refractive index curves of the fundamental mode and SPP mode, but there is a real crossing point at the operation wavelength of 1.4 μm. This complete coupling is satisfied at the wavelength of 1.13 μm for the fundamental mode and 6th order SPP mode. The incomplete coupling occurs at operation wavelength of 1.4 μm for the fundamental mode and 5th SPP mode. It is well known that when the phase matching condition is satisfied, the energy of fundamental mode transferred to the SPP mode, and the loss spectrum appears peak. The loss values are as high as 70911.3 and 58376.2 dB/m, respectively. The strength of incomplete coupling is weaker relative to complete coupling in our structure. When the analyte RI is 1.425 and 1.435, the types of the SPR of the fundamental mode and 5th SPP mode are the complete coupling and incomplete coupling, respectively. The complete coupling and the incomplete coupling transforms each other as the analyte RI changes, which is basic principle for designing biosensor in our work. Dispersion is another important parameter for studying optical fibers. Figure 3(c) shows the dispersion dependance on wavelength when the analyte RI is 1.425. Figure 3(d) shows the dispersion dependance on wavelength when the analyte RI is 1.435. This dispersion shows the law of oscillation around zero dispersion, but does not show the monotonic law. This is attributed to the surface plasmon resonance phenomenon on the metal surface, which affects the effective refractive index of the fundamental mode of optical fibers. 1.440, and 1.445. As well known as, there are two types of resonance coupling including complete coupling and incomplete coupling. The SPR of the fundamental mode and the 6th order SPP mode is complete coupling at 1st peak when the analyte RI is 1.425, 1.430, 1.435, 1.440 and 1.445 and that of the fundamental mode and 5th order SPP mode is also the complete coupling at peak two when the analyte RI is 1.425 and 1.430, while that is the incomplete coupling at 2nd peak when the analyte RI is 1.435, 1.440 and 1.445. It is due to the fact that the imaginary parts of the refractive index for the fundamental mode and 6th SPP mode are equal and their real parts are not equal. Converted to, the real parts are equal, and the imaginary parts are not equal. Because the SPR is weakened when the high analyte RI is selected. Furthermore, it is observed that the loss of 1st and 2nd peaks are significantly red-shifted as the analyte RI increases, but the shift of peak two is more pronounced. Therefore, the loss spectrum has the high sensitivity of the analyte RI.
The refractive index of the fundamental mode and the 5th order SPP mode dependance on operation wavelength for the SPR-PCF as the analte RI increases from 1.405 to 1.425 and 1.425 to 1.445 are shown in Fig. 5(a) and (c). As shown in Fig. 5(a) , it can be observed that the refractive index curves of the fundamental mode and 5th order SPP mode are reduced, but they are severely damaged at the anti-crossing wavelengths. The refractive index curves of the fundamental mode and 5th SPP mode gradually increase as the refractive index increase. When the phase matching condition is met, the energy of the fundamental mode coupled to the 5th SPP mode, the resonance coupling will appear. The types of resonance coupling are complete coupling. The anti-crossing wavelengths of 1.009, 1.149, 1.190, 1.231, 1.258 μm have been demonstrated. We can found that the wavelength of the anti-crossing shifts about 40 nm with the analyte RI stepped by 0.005. From Fig. 5(c) , the SPR of the fundamental mode and 5th SPP mode is rapidly weakened and the complete coupling is transformed into incomplete coupling when the analyte RI is 1.435. The SPR of the fundamental mode and 6th order mode is still the complete coupling and the anti-crossing point significantly red-shifted. It is able to observe the weak change to the refractive index of the fundamental mode, whereas that of 5th order SPP mode increases significantly as n a increases. The resonance wavelengths of the fundamental mode and 5th order SPP mode are 1.275, 1.326, 1.400, 1.481,and 1.578 μm, while that of the fundamental mode and 6th order SPP mode are 1.077, 1.099, 1.128, 1.156, and 1.179 μm, respectively. that the wavelength corresponding the loss peak is consistent with the phase matching wavelength in Fig. 5(a) and (c). They are at the wavelengths of 1.009, 1.149, 1.190, 1.231, and 1.258, 1.275, 1.326, 1.400,1.481, and 1.578 μm. It is obvious that this peak has a red shift phenomenon, and that is due to the significant increase of the refractive index of 5th order SPP mode, while that of the fundamental mode has not change significantly. It leads to that the phase matching position red shifts when the analyte RI gradually increases from 1.405 to 1.425 and 1.425 to 1.445. The loss of peak of the fundamental mode are gradually increases when the analyte RI increases from 1.405 to 1.445, which is as high as 63889.7, 70420.9, 73701.0, 79274.3, and 90595.1 dB/m, 90809.9, 76841.8, 56986.9, 25915.8, and 16650.2, respectively, The FWHM and the loss spectrum increases as the analyte RI increases. Because the SPR is enhanced, the absorption loss, scattering loss, and resonance loss are increased. The SPR-PCF exhibits a excellent sensitivity of analyte RI for the range from 1.405 to 1.425. Because the incomplete coupling occurs due to the weakening of the SPR. We can see that the loss peak is obviously red shifted. The refractive index of each step n a = 0.005 corresponds to the resonance wavelength of each step λ R = 80 nm. Therefore, the loss peak has a strong sensitivity of analyte RI, which can be fabricated into a refractive index biosensor based on the gold film covered PCF.
The linear fit of the resonance wavelength λ R to the analyte RI is shown in Figure 6 . This linear sensitivity is 8820 nm/RIU when the analyte RI is 1.405, 1.410, 1.415, 1.420, and 1.425, respectively. This sensitivity equation can be written as y 1 = 8820 x−10440.7. The linearity of the resonance wavelength is 15180 nm/RIU when the analyte RI is 1.425, 1.430, 1.435, 1.440, and 1.445. Its 
S(λ)
where, ∂λ p eak is the difference between the resonance wavelengths of the two loss spectrum and ∂n a is the deference between two analyte RI. The performance parameters of the recently reported RI sensor are shown in Table 1 . The our designed optical fiber sensor has two detection ranges from 1.425 to 1.445 and 1.405 to 1.425 for the second peak loss. Their average sensitivity is 15180 and 8220 nm/RIU, respectively. We can switch between two ranges according to the refractive index of the analyte compared with other structures reported in Table 1 . The refractive index of the liquid analyte for our sensor is relatively high, and the highest sensitivity of 15180 nm/RIU is obtained in the range of 1.425 to 1.445. For this range from 1.405 to 1.425, we obtained an average sensitivity of 8220 nm/RIU, which is also a relatively high sensitivity. As can be seen from Table 1 , the designed sensor has high sensitivity and tunable performance.
Then, the sensitivity of resonance wavelength at 1st peak to the analyte RI is also analyzed and that can be designed as a new range sensor. The principle of 1st and 2nd peak is based on the SPR of the fundamental mode and SPP mode. However, it is that the SPR of fundamental mode and the 6th SPP mode leads to the appearance of the loss 1st peak, while the 2nd peak is generated due to the SPR between the 5th order SPP mode and fundamental mode. The loss of the fundamental mode dependance on operation wavelength for 1st peak is shown in Figure 7(a) , when the analyte RI is 1. 405, 1.415, 1.420, 1.425, 1.430, 1.435, 1.440, and 1 .445. The loss peaks Fig. 7. (a) The loss of the fundamental mode for the designed biosensor dependance on the wavelength for 1st peak (b) The linear fit of the resonance wavelength for 1st peak to the analyte RI.
are at resonance wavelength of 0.977, 1.000, 1.021, 1.047, 1.099, 1.128, 1.156, and 1.179 μm for the different analyte RI and their peak values are 34959.9, 47349.3, 66818.4, 72515.8, 68386.0, 81179.9, 66818.4, 81567.6, and 98289.1 dB/m, which is due to the phase matching condition being satisfied. The loss shows a significant red shift and the analyte RI change n a = 0.005 corresponds to a wavelength change approximately λ R = 25 nm. We can observe that the SPR is strong enough as the complete coupling is forming at different analyte RI. The peak wavelength exhibits a higher sensitivity to the analyte RI, which is only sensitive to the 2nd peak. Figure 7(b) shows the linear fit of the resonance wavelength for 1st peak to the analyte RI. The resonance wavelengths are obtained where the phase matching occurs and the loss peak appears. The resonance wavelength is gradually increasing as the refractive index increases. The dependance of the resonance wavelength on the analyte RI exhibits a high linearity is 0.99837 and the average sensitivity is 5140 nm/RIU. This refractive index sensitivity equation is expressed as y 3 = 5140 x-6248.5. The range of the analyte RI is from 1.405 to 1.445 covering 0.4 RIU, which is wider than the range of the loss 2nd peak while its sensitivity is reducing. As shown in Table 1 , the ultra-wide range of the refractive index is obtained, while the average sensitivity is relatively low, which is a pair of irreconcilable contradictions in the biosensor. Here, the high sensitivity and wide test range have reached a compromise and that is a practical sensor, but the practical progress is complicated. The refractive index and the loss of the fundamental mode and 2th order SPP mode dependance on operation wavelength is shown in Fig. 8(a) , when the analyte RI is 1.33. The refractive index of the fundamental mode is gradually decreasing with increasing wavelength, while that is severely disturbed at the anti-crossing position and causes the refractive index curve to jump. The refractive index of the 2nd order SPP mode is gradually reduced, but it is seriously affected at the anticrossing position, and resulting in the refractive index curve to downward jump. The phase matching condition of the fundamental mode and 2nd order SPP mode is satisfied and the SPR is obtained at the wavelength of 1.28 μm, where we can demonstrate that the loss spectrum exhibits a distinct peak and its value is 88487.4 dB/m. However, the SPP mode absorbs the energy forming the fundamental mode and its loss reaches a minimum. We prove that the resonance coupling is a complete coupling. The refractive index of the fundamental mode and 2nd order SPP mode for the biosensor dependance on operation wavelength is shown in Fig. 8(b) , when the analyte RI is 1.330, 1.340, 1.350, 1.360, 1.370, and 1.380, respectively. The refractive index of the core mode is a weak change, where the refractive index of 2nd order SPP mode obviously increased. Since the refractive index of fundamental mode decreases with low refractive index analyte selection, the resonance coupling of the fundamental mode and 2nd SPP mode is generated. These anti-crossing points show the movement toward the long wave direction. The phase matching wavelength is 1.26, 1.27, 1.28, 1.29, 1.31, and 1.37 μm, respectively.
The loss of the fundamental mode dependance on operation wavelength when the analyte RI is 1.33, 1.34, 1.35, 1.36, 1.37, and 1.38 is shown in Fig. 8(c) . The peak wavelength of the loss is consistent with the phase matching condition. The peak is moving to the long wavelength direction as the analyte RI increases from 1.33 to 1.38. The loss shows a red shift due to the increase of the refractive index for the 2nd order SPP mode. The refractive index change n a is 0.01 RIU, while the wavelength of peak change λ is about 10 nm. These peak values are 88487.4, 87822.9, 90243.3, 91449.6, 93170.4, and 93861.0 dB/m, respectively. In order to study the sensing properties, the dependance of the resonance wavelength on the low analyte RI is quantitatively analyzed. The linear and polynomial fits of the resonance wavelengths on the analyte RI are shown in Fig. 8(d) , when the analyte RI is 1.330, 1.340, 1.350, 1.370, and 1.380, respectively. We can see that the resonance wavelength of the fundamental mode and 2nd order SPP mode red shift obviously as the analyte RI increase. The linearity of the resonance wavelength to the analyte RI is poor and the average sensitivity is only 1971.4 nm/RIU, which is due to the fact of the refractive index of 2nd order SPP mode is weakly affected by the analyte RI. This linear equation is y 4 = 1971.4x − 1373.6. The dependance of the resonance wavelength on the analyte RI is closer to the polynomial fit. This fitting equation is expressed as y 5 = 48035.7x 2 − 128205.4x + 86807.1. That can be applied to calculate the analyte RI by detecting the resonance wavelength λ R . The range of the refractive index n a = 0.05 RIU is covering from 1.33 to 1.38. So this PCF structure does not show a superior sensitivity linearity for the low analyte RI, but it exhibits a perfect polynomial relationship, which can be used to make a wide-range refractive index biosensor.
The influence of the thickness of the gold film on the loss spectrum as an important factor is analyzed, which directly affects the intensity of the SPR and the sensitivity of the biosensor. Fig. 9 shows the loss of the fundamental mode when the different gold film thickness is 40, 50, 60, 70, and 80 nm dependance on operation wavelength. We can see that the loss is gradually reduced as the thickness of gold film increases, and this loss spectrum occurs the blue shift. While the loss spectrums are almost coincident when the thickness of the gold film is 60, 70, and 80 nm, and it is inferred that the loss spectrum will be weakly affected as the thickness of gold film increases. According to the coating technology, the thickness of the gold film is strictly required to be about 40 nm. Thicker or thinner gold film may cause the failure of the experiment technique or affect the performance of the biosensor. The resonance wavelengths are 1.27, 1.22, 1.20, 1.20, and 1.20 μm and the values of peak are 89331.6, 70504.1, 58854.6, 55252.7, and 51874.8 dB/m, respectively. The influence of the gold film is similar to the different analyte RI, where we only calculate and analyze the designed PCF when the analyte RI is 1.33.
In summary, we design a fiber optic sensor with four detection ranges. For the second peak, we obtain two relatively high sensitivity, but for the first peak, we obtain two relatively low sensitivity. The appearance of the first and second peaks is attributed to the resonance between the sixth and fifth order surface plasmon modes and the fiber fundamental modes. For the second peak, the two ranges are 15180 and 8220 nm/RIU, respectively. The refractive index ranges from 1.425 to 1.445 and 1.405 to 1.425, respectively, and the corresponding wavelength ranges from 1.0 μm to 1.5 μm and 1.1 μm to 1.8 μm, respectively. For the first peak, the two ranges are 5140 and 1971 nm/RIU, respectively. Their detection ranged from 1.405 to 1.445 and from 1.33 to 1.38, and their response wavelengths ranges are from 0.977 to 1.179 nm and 1.225 nm to 1.375 nm.
Conclusion
A tunable, wide-range, and high-sensitive PCF biosensor based on coated gold film is proposed. The structure of the biosensor is characterized by a single-cladding air hole, which is surrounded by the gold film. More core energy is transferred to the metal film surface to form a SPP mode because the contact area is large for the core and gold film. The FEM is used to analyze the sensing performance by commercial software COMSOL multiphysics. We found that the complete coupling and incomplete coupling of the fundamental mode and SPP mode are mutually convertible with the refractive index of aqueous solution of biological factors. The SPR strength of the complete coupling is much stronger than that of the incomplete coupling. It was also demonstrated that the SPP modes of different orders and the fundamental mode can support SPR when their phase matching conditions are met. The phase matching wavelength of the low-order SPP mode and the fundamental mode is lower than that of the high-order SPP mode and fundamental mode, while their refractive index of phase matching point are opposite. The sensitivity of the biosensor to the refractive index of aqueous solution of biological factors is gradually changing as its refractive index increases. According to the difference of the SPR between the second-order, fifth-order, and sixth-order SPP mode and fundamental mode, there will be four ranges of sensors included the analyte refractive index from 1.330 to 1.380, 1.405 to 1.425, 1.425 to 1.445, and 1.405 to 1.445, and their average sensitivity is 1971, 5220, 15180, and 5140 nm/RIU. The designed refractive index biosensor is more compact, portable, rugged, sensitivity, operative, and practical in the practical extreme biological environments. It can directly detect by the immersion of the sensor into the analyte, which avoids the technical difficulty of the coating the metal film into the air hole.
